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Commensurate BaTiO4/SrTiO5 superlattices were grown by reactive molecul ar-beam
epitaxy on four different substrates: TiO,-terminated (001) SrTiO, (101) DyScO,,
(101) GdScO,, and (101) SmScO,. With the aid of reflection high-energy electron
diffraction (RHEED), precise single-monolayer doses of BaO, SrO, and TiO,

were deposited sequentially to create commensurate BaTiO4/SrTiO; superlattices
with a variety of periodicities. X-ray diffraction (XRD) measurements exhibit

clear superlattice peaks at the expected positions. The rocking curve full width
half-maximum of the superlattices was as harrow as 7 arc s (0.002°). High-resolution
transmission electron microscopy reveals nearly atomically abrupt interfaces.
Temperature-dependent ultraviolet Raman and XRD were used to reveal the
paraelectric-to-ferroelectric transition temperature (T<). Our results demonstrate the
importance of finite size and strain effects on the T of BaTiO4/SITiO; superlattices.
In addition to probing finite size and strain effects, these heterostructures may be
relevant for novel phonon devices, including mirrors, filters, and cavities for coherent

phonon generation and control.

[. INTRODUCTION

Well-ordered BaTiO4/SITiO; superlattices with BaTiO,
and SrTiO; layer thicknesses in the nanometer range are
of interest to probe fundamental issues in ferroelectricity
as well as for potential devices. For example, recent
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theoretical studies predict that (i) the unstrained SrTiO4
layers in BaTiO4/SITiO5 superlattices grown commen-
surately on cubic (100) SrTiO; substrates are them-
selves tetragonal and poled by internal electric fields,
(i) the polarization of such superlattices can be enhanced
beyond that achievable in unstrained BaTiO; because
of the biaxial compressive strain state of the BaTiOg
layers within the superlattice, and (iii) that ferroelec-
tricity will persist in such superlattices for BaTiO; layers
as thin as the thickness of a single BaTiO; unit cell
(0.4 nm).>?
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We have begun to experimentally test these predic-
tions® and assess oxide heterostructures for phonon con-
finement* by growing commensurate BaTiO,/SrTiO,
superlattices with a high degree of structural perfection
and abrupt interfaces. The thicknesses of the BaTiO; and
SrTiOg layers (an n unit-cell thick BaTiOg layer followed
by an m unit-cell thick SrTiO5 layer) making up the
BaTiO4/SrTiO; superlattice repeat unit as well as the
number of times p these layers are repeated to form a
[(BaTiO,), /(SrTiOs),,], superlattice must be such to pre-
vent relaxation by the formation of misfit disloca-
tions. Since the critical thickness of a single BaTiO4
film grown on a (001) SrTiO5 substrate is about 4 nm
(10 unit cells) for our growth conditions,”> commen-
surate [(BaTiO,),/(SrTiOs),], superlattices grown on
(001) SrTiO; are limited to n < 10 to preserve the high-
strain state, [(asrrio, — @gatio,)/@patio,] = —2.5% for
the BaTiO, film at a growth temperature of 650 °C,° and
prevent their relaxation. The allowed thickness of the
BaTiO; layers (n unit cells thick) decreases as the num-
ber of superlattice repeats p increases.

High-quality [(BaTiO3),/(SrTiO3),], superlattices
with abrupt interfaces are also of interest for novel acous-
tic phonon devices including mirrors, filters, and cavities
for coherent acoustic phonon generation and control
(phonon “laser”).* The structure of these devices is de-
termined by the acoustic phonon wavelength, which is
typically in the range of a few nanometers, indicating that
structural quality and interface abruptness is crucial for
device performance.

In this paper we focus on the growth of high quality
nanoscale [(BaTiO,),/(SrTiO3),,], superlattices with
atomically abrupt interfaces that are vital for the perfor-
mance of acoustic phonon devices as well as the study of
fundamental properties of ferroelectric superlattices. We
describe the shuttered reflection high-energy electron
diffraction (RHEED) intensity oscillations used in our
reactive molecular-beam epitaxy (MBE) process to con-
trol film stoichiometry and the n and m unit-cell layer
thicknesses of the BaTiO; and SrTiO; layers compris-
ing the [(BaTiO,),/(SrTiO3).,], superlattices. The
structural properties of the superlattices grown are de-
scribed in detail. The improvement of the structural qual-
ity of [(BaTiO,),/(SrTiOz),], superlattices grown on
(101) DyScOg, (101) GdScOg, and (101) SmScO; sub-
strates”® is also shown. [Throughout this manuscript we
use the standard setting of space group no. 62 (Pnma) to
describe the crystallography of DyScO,;, GdScO,, and
SmScO;. Although some authors use this setting, many
others use the nonstandard setting Pbnm to describe the
crystallography of DyScO,, GdScO3, SmScOg, and other
isostructural perovskites with the GdFeOs structure, e.g.,
NdGaOg, YAIO,, and SrRuQ;. In the nonstandard setting
Pbnm the substrates we have used are (110) GdScOs,,
(110) DyScOg, and (110) SmScOg]. Using these super-

lattices we demonstrate the importance of strain and
finite size effects on the T¢ of [(BaTiO,),/(SrTiO3)y],
superlattices with a variety of superlattice thicknesses,
constituent layer thicknesses n and m, and strains.

Il. EXPERIMENTAL

Epitaxial [(BaTiOz),/(SrTiOy),,], superlattices were
grown on (001) SrTiO,, (101) DyScO,, (101) GdScOs,,
and (101) SmScO; substrates by reactive MBE. The
strontium and barium fluxes were produced by sublimat-
ing elemental strontium and barium contained in titanium
crucibles using low-temperature effusion cells. The tita-
nium flux was supplied by a Ti-Ball titanium sublima-
tion pump (Varian Associates, Vacuum Products Divi-
sion, Lexington, MA).° The [(BaTiO3),/(SITiOz) ],
superlattices were grown by sequential shuttered deposi-
tion of the constituent monolayers,**~*2 in a background
pressure of 5 x 107" Torr of molecular oxygen and a
substrate temperature of ~650 °C, as measured by an
optical pyrometer. The shuttering timing sequence used
to grow a [(BaTiO,)g/(SrTiO3),]40 Superlattice is shown
in Fig. 1. A quartz-crystal microbalance (QCM) located
directly in front of the substrate was used to get a rough
(x5%) idea of the barium, strontium, and titanium mo-
lecular beam fluxes. Based on these QCM values, the
shuttering times for the deposition of one monolayer of
SrO, BaO, and TiO, were calculated. These values were
used as the starting point for growth on a calibration
sample. To determine the shutter opening times more
accurately to deposit precise monolayer doses of SrO,
BaO, and TiO,, RHEED was monitored during epitaxial
growth on the calibration sample.

Typical RHEED patterns along the [100] and [110]
azimuths before and during the growth of a [(BaTiO,),,/
(SrTiOz)ml, superlattice on a TiO,-terminated (001)
SrTiO, substrate™® are shown in Fig. 2. Here white boxes
show the area monitored in the analysis of the time
evolution of the 00 and 01 streaks. (001) SrTiO5 can
have a wide variety of surface reconstructions, depend-
ing on stoichiometry, temperature, and oxygen par-
tial pressure.’®**** The RHEED patterns on the TiO,-
terminated (001) SrTiO, substrates®® used in this work

BaTiO, SrTiO,  BaTiO, SrTiO,

3 3 3

0, _J
Ba _MUUUVUUUL __ UUUUUUUL
Ti —JUUUUUUU UV UUUUUU UL
Sr MM M

Time
FIG. 1. Timing diagram of the sequential deposition of barium,
strontium, and titanium during the growth of two periods of a
(BaTiO,)g/(SrTiOg), superlattice (sample no. 14). Oxygen is provided
continuously during the growth.
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FIG. 2. RHEED patterns durlng the growth of a [(BaT|O3)8/(SrT|O3)4]40 superlattice (sample no. 14) on a TiO,-terminated (001) SrTiO4

substrate. RHEED patterns viewed along the [100] azimuth (a) with the substrate at room temperature prior to growth and (c) at

Top = 650°C

during the growth (end of the titanium dose during a SrTiO; layer). RHEED patterns along the [110] azimuth (b) with the substrate at room

temperature prior to the growth and (d) at Ty, =

650 °C during the growth (end of the strontium dose during a SrTiOg layer). The white boxes

show the region containing the 00 and 01 streaks that was monitored during growth to establish the time evolution of the RHEED streaks (shuttered

RHEED oscillations).

show additional spots (not visible in the zeroth Laue
zone). The spots can be seen clearly in the [100] azimuth
RHEED pattern [Fig. 2(a)] at room temperature. As the
substrate temperature begins to increase, the intensity
of the extra spots starts to fade and disappear after about
10 min during heating to the ~650 °C growth temperature
in ultrahigh vacuum in the MBE chamber.

By monitoring the changes in the shuttered RHEED
intensity oscillations during deposition, film stoichi-
ometry control within ~1% can be achieved for SrTiO,.1°
We found this method to also work for BaTiO5. An ex-
ample of typical shuttered RHEED oscillations during
the growth of a [(BaTiO,),/(SITiOs),], superlattice is
shown in Fig. 3. The shuttered RHEED oscillations
shown in Fig. 3 were recorded simultaneously along the
00 streak (top) and the 01 streak (bottom) during the
growth of three periods of a [(BaTiO3)g/(SITiO3),4]40
superlattice (sample no. 14). Deposition starts when the
barium shutter is opened. The RHEED intensity in-
creases until one monolayer of BaO is deposited. The
barium shutter was then closed and the titanium shutter
opened, causing the RHEED intensity to decrease until
one monolayer of TiO, was deposited, completing one

(BaTiO), ) . (BaTiO,), ) ) (BaTiO,), R

Ti shutter open (S0, (SrTi0), (SrTi0,),
v v |

vy
YTy
ISERIE Y

Sy J N
LAAAAR Al ! f
AT

RHEED Intensity (arb. units)

Ba shutter open Sr shutter open
0 200 400 600 800 1000 1200 1400
Time (sec.)

FIG. 3. Shuttered RHEED intensity oscillations observed dur-
ing the growth of a [(BaTiO3)g/(SITiO3z),]4e Superlattice (sample
no. 14). The RHEED beam was incident along the [110] azi-
muth during growth. Three periods of [(BaTiOgz)g/(SITiO3) 440
superlattice growth are shown. The average diffracted intensity in
the regions shown in Fig. 2(d) of the 00 streak (top) and 01 stresk
(bottom) were recorded simultaneously. Dashed lines show the bound-
aries of the (BaTiOz)g and (SrTiOg), sections of the super-
|attice.
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unit cell of BaTiO;. Shuttered RHEED oscillations for
the growth of unit cells of SITiO; are similar to those of
BaTiO;. Each peak in Fig. 3 corresponds to the deposi-
tion of one unit cell of BaTiO; or SrTiO5. The deposition
rates of SrO, BaO, and TiO, were about 15 to 20 s for
each monolayer, corresponding to an average growth rate
of about 0.1 A/s.

The total time to deposit the 40 repeats of the
[(BaTiOZ)g/(SITiO3) 4] 40 Superlattice (sample no. 14) was
more than 5 h. During such along deposition, fluxes can
drift, resulting in changes in film stoichiometry. There-
fore, monitoring the shuttered RHEED oscillations dur-
ing the growth of the [(BaTiO,),/(SITiOg)], super-
lattices and periodically adjusting the shutter timing was

10 A

&)

Scan height (A)
I3} o

A
o

0 1 2 3 4

(b) Scan distance (um)

FIG. 4. (a) AFM image of a TiO,-terminated (001) SrTiO; substrate
prepared using the method described in Ref. 13. The AFM scan ex-
tends over 4 um x 4 wm with a height range of 0.5 nm from black to
white. (b) A horizontal line scan across (a) reveals well-defined single-
layer steps each ~0.39 nm in height.

1420

vital to maintaining stoichiometry and accurate mono-
layer doses during superlattice growth.

An atomically flat substrate surface with a well-
defined single termination is required for the repro-
ducible growth of high-quality [(BaTiOs),/(SITiOz)n],
superlattices with atomically abrupt interfaces. Knowl-
edge of the surface termination is particularly important
for our sequential monolayer deposition conditions in
which we need to know which species to begin with as
we deposit well-calibrated monolayer doses of SrO,
BaO, and TiO,. A well-terminated substrate allows start-
ing with the right material (SrO or BaO in our case) to
maintain stoichiometry and grow exact monolayers of
SITiO; or BaTiO; from the very beginning, which is
important to obtain atomically abrupt interfaces. For this
reason we have used the method developed by Koster
et a.™® to prepare TiO,-terminated (001) SrTiO; sub-
strates. An atomic force microscopy (AFM) image of a
typical TiO,-terminated SITiO; substrate surface pre-
pared by us using this method is shown in Fig. 4(a). The
surface has an atomically flat step-terrace structure.
Figure 4(b) is a line cut through the data reveaing a
height of 0.37 £ 0.03 nm, in agreement with the expected
0.3905 nm unit-cell step height of SITiO,.""

The nearly ideal TiO, termination of the etched and
annealed SITiO, substrates can be seen by the RHEED
behavior of the shuttered oscillations during the growth of
the first severa unit cells of the [(BaTiOz),/(STiOz)l,
superlattice. If the substrate surface is not fully termi-
nated with TiO,, the RHEED intensity behavior of the
first monolayers of BaTiO5; and SrTiO; will differ from
the steady-state shuttered RHEED intensity oscillations
shown in Fig. 3. This difference is seen in Fig. 5 where
shuttered RHEED intensity oscillations during the first
three periods of a [(BaTiOy),/(SrTiOz),,], super-
lattice are recorded from the beginning of growth on a

(BaTiO,), (SrTiOa)2 (BaTiO,), (SrTiOB)2 (BaTiO ), (SrTiOa);2

Ti shutter open

RHEED Intensity (arb. units)

Ba shutter open Sr shutter open |
0 100 200 300 400 500 600 700
Time (sec.)
FIG. 5. Shuttered RHEED intensity oscillation observed from
the beginning of the growth of a [(BaTiO),/(SrTiOy),]4, Super-
|attice (sample no. 14) on a non-terminated (001) SrTiO; substrate.

The intensity of the 01 RHEED stresk along the [110] azimuth for the
first three superlattice periods is shown.

J. Mater. Res., Vol. 23, No. 5, May 2008
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RHEED Intensity (arb. units)

Ba shutter open

Sr shutter open

0 100 200 300 400 500 600 700
Time (sec.)
FIG. 6. Shuttered RHEED intensity oscillation observed from the be-
ginning of the growth of a [(BaTiOZ)e/(SITiO3),3]15 Superlattice
(sample no. 12) on a TiO,-terminated (001) SrTiO; substrate. The
intensity of the 01 RHEED streak along the [110] azimuth of the first
superlattice period is shown.

nonterminated (001) SrTiO; substrate in its as-received
state from the substrate supplier (CrysTec GmbH, Berlin,
Germany). Since the initial (001) SrTiO; surface is not
fully TiO, terminated, during the deposition of exactly
one monolayer of BaO, only part of the BaO will form
BaTiO; and the excess BaO will make the film surface

(a) (b)
(c) (d)

(BaTioa)8 (SrTioa)4 (B:11Ti03)a (SrTi03)4
Ti shutter open

A ' ) W kW &

Ba shutter open Sr shutter open

RHEED Intensity (arb. units)

0 200 400 600 800
Time (sec.)
FIG. 7. Shuttered RHEED intensity oscillation observed from the be-
ginning of the growth of a [(BaTiOz)g/(SITiOz),]4, Superlattice
(sample no. 25) on a(101) GdScO, substrate. The intensity of the
01 RHEED streak along the [110] azimuth for the first two superlattice
periods is shown.

BaO rich. The subsequent deposition of exactly one
monolayer of TiO, will again partially form BaTiO,
and leave the surface TiO, rich. As aresult, the shuttered
RHEED intensity oscillation does not vary mono-
tonically during the doses of the constituent monolayers
as it does in the case of stoichiometric growth (Fig. 3),

FIG. 8. RHEED patterns during the growth of a [(BaTiO3)g/(SrTiO3),]4o Superlattice (sample no. 25) on a(101) GdScO; substrate at
Tewn = 650 °C. RHEED patterns viewed along the [100] pseudocubic azimuth (a) of the bare substrate prior to growth and (c) during the
growth (end of the titanium dose during a SrTiO; layer). RHEED patterns along the [110] pseudocubic azimuth (b) of the bare substrate prior
to the growth and (d) during the growth (end of the titanium dose during a SITiO5 layer). The white boxes show the recorded area of the

01 superlattice streak.

J. Mater. Res., Vol. 23, No. 5, May 2008 1421
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(a) (b)
(c) (d)

FIG. 9. RHEED patterns of bare (101) DyScO; substrates at T, = 650 °C prior to growth. RHEED patterns viewed along the [100] pseudocubic
azimuth (a) of a nonterminated substrate and (c) a terminated substrate. RHEED patterns along the [110] pseudocubic azimuth (b) of a non-

terminated substrate and (d) a terminated substrate.

resulting in the double peaks seen in the initial oscilla-
tionsin Fig. 5.*° This RHEED behavior continues until a
fully terminated surface is attained at the end of each
deposition cycle due to diffusion of the excess BaO, SrO,
and TiO, into the film. Thus, the deposition of severa
unit cells of BaTiO; and SrTiO; at the beginning of
growth takes place before the surface eventually be-
comes singly terminated in steady state (Fig. 5).

For comparison, shuttered RHEED oscillations from the
very beginning of the growth of a[(BaTiO3)s/(S'TiO3)13]15
superlattice (sample no. 12) on a TiO,-terminated SrTiO,
substrate™ are shown in Fig. 6. The RHEED intensity
varies monotonically during each shuttered dose, and no
double peaks are observed. Thisindicates that the growth
proceeds via the growth of fully terminated constituent
monolayers and is stoichiometric from the very begin-
ning.

The phase shift that a (100) SrTiO5 surface of mixed
termination can lead to is likely responsible for the con-
tradictory RHEED intensity behavior for the growth of
SITiO; layers'® or BaTiO,/SrTiO; superlattices™®** re-
ported in the literature. lijima et a.*° reported the
RHEED intensity to increase during the deposition of
barium and strontium and to decrease during the depo-
sition of titanium. Tsurumi et a.** reported exactly the
opposite behavior. Our observations on substrates of con-
trolled termination are in agreement with the results of

lijimaet a.,*° where the RHEED intensity increases dur-
ing the deposition of barium and strontium and decreases
during titanium.*®

Shuttered RHEED intensity oscillations during the
growth of [(BaTiO,),/(SITiOs)], superlattices on (101)
GdScO,, (101) DyScO,, and (101) SmScO; substrates
are similar to those grown on (001) SITiO; substrates.
Unfortunately, no termination method has been developed
for GdScO; or SmScO, substrates so far. An dternative
method to improve the substrate surface and achieve a
single termination could be via the deposition of a homo-
epitaxial GAScO; buffer layer that ends at a chosen mono-
layer prior to the growth of the [(BaTiO5),/(STiOz)yl,
superlattice. We have not used such an approach, however,
in this study. Thus, the shuttered RHEED intensity oscilla
tion behavior for the superlattices grown on (101) GdScO4
are similar to those grown on nonterminated (001) SITiO;
substrates (Fig. 7). The RHEED patterns along [100] and
[110] azimuths of the superlattice before and during
the growth of a [(BaTiOy)g/(SITiO3z),]40 Superlattice
(sample no. 25) on a (101) GdScO; substrate are shown
in Fig. 8. White boxes show the recorded area of the
01 streak for the shuttered RHEED intensity oscillations
shown in Fig. 7.

Blank™® has developed a method to terminate the surface
of (101) DyScO; substrates. This trestment improves the
smoothness of the DyScO, substrate surface as can be seen

1422 J. Mater. Res., Vol. 23, No. 5, May 2008
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(BaTiO,), (8rTi0)),

Ti shutter open

TT’ | B|ashutteropen ‘ | | ‘ ‘ ’

Sr shutter open
0 100 200 300 400
Time (sec.)

RHEED Intensity (arb. units)
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-

(BaTiO,), (srTio)),
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FIG. 10. Shuttered RHEED intensity oscillation observed from the
beginning of the growth of a[(BaTiOg)g/(SrTiOs),] 4o Superlattice on a
nonterminated (a) and terminated (b) (101) DyScO; substrate. The in-
tensity of the 01 RHEED streak along the [110] azimuth of the first
superlattice period is shown.

RHEED Intensity (arb. units)

from comparisons of RHEED patterns of nonterminated
and terminated subgtrates (Fig. 9). A comparison of the
shuttered RHEED intensity oscillations during the growth
of the first several unit cells of a [(BaTiOg)g/(SITiO3)4]40
superlattice (sample no. 24) on nonterminated and termi-
nated DyScO; substrates are shown in Fig. 10. Although
the termination method does not provide a fully ScO,-
terminated DyScO, substrate, it significantly reduces the
number of BaTiO3 and SrTiO5 monolayers prior to the
onset of steady-state shuttered RHEED intensity oscilla-
tions.

Structural characterization of al [(BaTiOg),/(SITiO3)m],
superlattices was made by four-circle x-ray diffraction
(XRD) with Cu K, radiation using a Picker (Picker
Corp., Cleveland, OH) low-resolution XRD and with
monochromated Cu K, radiation on a Philips X’Pert
PRO (PANalytical B.V., Almelo, The Netherlands) high-
resolution system. For 6-28 and ¢-scans on the Philips
X’Pert PRO system a hybrid monochromator was used
on the incident beam side, and a 0.27° parallel plate
collimator was used on the diffracted beam side. For
high-resolution rocking curve measurements, a hybrid
monochromator on the incident beam side and a triple-

J. Mater. Res., Vol. 23, No. 5, May 2008

axis arrangement with a 220 Ge analyzer crystal on the
diffracted beam side was used. High-resolution transmis-
sion electron microscopy (HRTEM) measurements on
selected samples were performed in JEOL 3011 and
JEOL 2010F (JEOL Ltd., Tokyo, Japan) transmission
electron microscopes operated at 400 kV. The T of al of
the [(BaTiOs),/(SITiO3)], superlattices presented in
this paper were obtained from ultraviolet (UV) Raman
studies® and corroborated by temperature-dependent
XRD measurements?>2° on selected samples.

Ill. RESULTS AND DISCUSSION

The results of the structura characterization by four-
circle XRD of the [(BaTiOs),/(SITiO5)y,], superlattices
arelisted in Tablel. All sampleswere grown sequentially
with BaTiOg being the first layer deposited and SrTiO, the
lagt layer of the superlattice, with the S'TiO; ending at
the TiO, monolayer. We grew [(BaTiOs),/(S'TiO3),],
superlattices with various periodicities including a series
with the thickness of the SITiO; layer fixedtom = 4, 13,
and 30 unit cells, while the thickness of the BaTiO; layer
was varied from n = 1 to 8 unit cells. 6-26 x-ray dif-
fraction scans of al of the [(BaTiOy),/(SITiO3)n],
superlattices were measured and the out-of-plane lattice
parameter d of al of the superlattices were obtained from
a Nelson-Riley analysis.®® The measured out-of-plane
lattice parameters of the superlattices indicated that al
superlattices reported in thiswork have the targeted num-
ber of BaTiO5 and SrTiO; unit cells in their superlattice
units (Table 1).

0-20 XRD scans of the [(BaTiO,),/(STiOs)|,, super-
latticeswithm = 4andn = 1, 2, 3, 4,5, 6, and 8 are
shown in Fig. 11. Similarly 6-26 XRD scans of the
[(BaTiOz),,/ (SrTiOz),], superlattices with m = 13 and
n = 1, 2, and 3 are shown in Fig. 12. Nearly all super-
lattice peaks are present for 26 < 55°, which is an indi-
cation of atomically sharp interfaces between the BaTiO,
and SITiO; layers. The in-plane orientation relationship
between the [(BaTiO,),/(STiO3),,], superlattices and the
underlying substrates was determined by an XRD ¢-scan.
A typica ¢-scan of the 10€ pesk of a[(BaTiO,),/(STiOg),.],
superldtice grown on a (001) STiO; subgtrate is shown in
Fig. 13 (sample no. 14, [(BaTiOy)g/(SrTiOg),]40)- Here
¢ = 0° corresponds to when the in-plane component of
the diffraction vector is paraléd to the [100] in-plane
direction of the substrate. It shows that the superlatticeis
epitaxia with the expected cube-on-cube in-plane align-
ment with the substrate ([100] of the superlattice is par-
alel to the [100] of the substrate). The 26 positions of
the 10¢ superlattice reflections in combination with the
measured out-of-plane lattice parameters were used to
calculate the in-plane lattice parameters of the super-
lattices. All [(BaTiOg), /(SITiOg),], superlattices (ex-
cept sample no. 14, [(BaTiOz)g/(SrTiOs3) 4] 40) grown on
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TABLE I. Structural parameters and T¢ of [(BaTiOg),/(SITiOy),,], superlattices studied in this work.

d(A) a(A) Film Substrate Film Tc from
Sample (superlattice (in-plane FWHM o FWHM o thickness UV Raman
number n m p spacing) spacing) (arc ) (arc 9) A) (K)

1 1 4 50 19.7 +0.1 3.905+0.01 45 50 1000 250+ 20

2 2 4 40 238 £0.1 3.905+0.01 62 61 950 320+ 28

3 3 4 35 281 +01 3.905+ 0.01 21 20 980 350+ 20

4 4 4 25 323 £05 390 +0.05 87 79 800 560 + 21

5 5 4 25 363 +0.1 391 +0.01 90 86 900 530+ 18

6 6 4 20 405 05 391 +0.05 320 162 800 510+ 25

7 8 4 10 488 0.2 390 +0.02 109 96 500 640 + 17

8 1 13 20 549 +01 3.905+ 0.01 38 43 1100 170+ 23

9 2 13 20 591 £0.1 3.905+0.01 33 35 1200 230+ 25

10 3 13 20 633 +05 3.905+ 0.05 55 55 1250 280+ 19

11 4 13 20 67.6 +£05 3.905 + 0.05 108 104 1350 380+ 30

12 6 13 15 75.6 +05 391 +0.05 110 118 1130 500+ 21

13 8 13 15 83.6 +05 3.90 +0.05 55 29 1250 540+ 24

14 8 4 40 483 +0.1 3945+ 0.01 214 118 1930 440 + 19

15 1 30 20 1214 =05 391 +0.05 113 139 2430 170+ 15

16 4 2 40 244 +0.2 390 +0.02 33 30 980 520+ 35

17 4 6 20 40.1 +01 3.90 +0.01 59 57 800 515+ 27

18 6 1 20 285 £0.2 3.94 £0.02 41 31 570 451+ 29

19 6 2 20 323 +0.02 3.945+ 0.02 143 48 650 421+34

20 6 3 30 36.2 0.2 3.92 +0.02 94 59 1100 740 + 35

21 6 5 20 443 +0.1 391 +001 26 31 900 615+ 30

22 6 6 15 482 +0.1 391 +0.01 124 71 720 647 + 28

23 10 5 20 604 +0.1 394 +001 374 208 1200 440 + 30

24 8 4 40 482 +05 395 +0.05 9 8 1930 580 + 17
(DyScO,) (3.945)

25 8 4 40 480 +05 397 +0.05 7 7 1930 470+ 20
(GdScOy) (3.973)

26 8 4 40 47.75+ 0.05 3.993 + 0.005 9 9 1930 398+ 25
(SmScO,) (3.987)

Here n is the BaTiOj; thickness in unit cells, m is the SrTiO; thickness in unit cells, and p is the number of periods. For the samples grown on (101)
DyScOs,, (101) GdScO;, and (101) SmScO; substrates, the measured pseudocubic lattice constant a, is shown in parentheses.

SrTiO; substrates are commensurate and have measured
in-plane lattice constants that are the same (within the
experimental error of our measurements) as that of the
SITiO, substrate (a = 3.905 A, Table I).

Rocking curves of the [(BaTiOs),/(SITiO3),,],, super-
lattices were measured on the strongest superlattice
00¢ peaks that were well separated from the substrate
peaks. Rocking curves of the underlying substrates were
measured on the 002 SITiO, 202 GdScO,, 202 DyScO,,
and 202 SmScO; peaks. The rocking curve (w-scans) full
widths half-maximum (FWHM) of the superlattices and
underlying substrates are shown in Table |. The rocking
curve measurements on SrTiO; substrates revea that
nearly al of them exhibit mosaic features (subgrain
boundaries) resulting in a large spread in measured
o FWHM values from as low as 20 arc s (0.0055°) to
208 arc s (0.0578°) for the (001) SrTiO; substrates used
in this work (CrysTec GmbH, Berlin, Germany) (Ta
ble 1). Moreover, different regions of the SITiO; sub-
strate may also have different « FWHM due to the
highly inhomogeneous mosaic spread of commercial
SITiO, single crystals.?” For this reason, rocking curve

comparisons between the [(BaTiO,),,/(SITiO5),,,] , super-
lattices and the substrates on which they were grown
were aways measured on the same region of the sub-
strate.

As an example, rocking curves of two [(BaTiOs),/
(SITiOg)m], superlattices grown on (001) SrTiO; sub-
strates with a one single narrow peak (sample no. 3,
[(BaTiOz)4/(SITiOz),]ss) and another with a strongly
mosaic peak (sample no. 2, [(BaTiOz)/(SITiO3)4]40)s
are shown in Fig. 14. Rocking curves of the [(BaTiOg)4/
(SrTiOg) 4] 35 superlattice 0014 peak (sample no. 3) and
the underlying SrTiO; substrate 002 peak (at the same
position on the substrate) are shown in Fig. 14(a). The
o FWHM is 21 arc s (0.0058°) for the superlattice peak
compared with 20 arc s (0.0055°) for the substrate peak.
The sharp rocking curve indicates the high structural per-
fection of the superlattice. For comparison, the rocking
curves of the [(BaTiOy),/(SITiO3),] 40 Superlattice 0012
peak (sample no. 2) and the underlying SITiO; sub-
strate 002 peak are shown in Fig. 14(b). The « FWHM is
62 arc s (0.0172°) for the superlattice peak as compared
with 61 arc s (0.0169°) for the substrate peak with multiple
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FIG. 11. 6-26 XRD scansof the[(BaTiOy),/(SITiOy),,], superlattices
using Cu K, radiation for m=4and n=1, 2, 3, 4, 5, 6, and
8 (samples no. 1-7). Substrate peaks are marked with asterisks (*).
Nearly all superlattice peaks are present for 26 < 55°, indicating atomi-
caly sharp interfaces between the BaTiO; and SITiO4 layers and
accurate superlattice periodicity.

mosaic features. Both samples in Fig. 14 are commen-
surate as indicated from the in-plane lattice parameters.

We noticed that the ® FWHM of all commensurate
samples had similar « FWHM values as their underly-
ing substrates, showing that the crystalline quality of the
superlattices is limited by that of the underlying sub-
strates. Sample no. 6, the [(BaTiO3)4/(SITiO3) ] SUpEr-
lattice, grown on a SrTiO5 substrate with poor crystal-
linity [ FWHM = 162 arc s (0.0451°)] shows a large
o FWHM = 320 arc s (0.0890°). We suspect that the
increasein the w FWHM of this superlattice is caused by
an increase in its dislocation density, which can result in
the lowering of T.. Relaxation may occur also if the
critical thickness of the superlattice is exceeded. An
~1930 A thick [(BaTiOs)g/(SITiO5),]40 Superlattice
grown on a (001) SrTiO4 substrate (sample no. 14) is not
commensurate and has an in-plane lattice parameter of
a = 3.945 + 0.01 A. This indicates that the [(BaTiOs,)g/
(SITiO3) 4] 40 Superlattice is partialy relaxed and is only
strained by € = —-1.05%, rather than the e = -2.3%
biaxial compressive strain that it would be under if it
were still commensurate. As a result, the ferroelectric
phase transition temperature is significantly decreased
(T = 440 K) compared with the commensurate sample
no. 7 (Te = 640 K), which has a similar [(BaTiOg)g/

Intensity (arb. units)

20 (degrees)

FIG. 12. 6-20 XRD scansof the[(BaTiO,),/(SrTiOy),], superlattices
using Cu K, radiation for m= 13 and n = 1, 2, and 3 (samples
no. 8-10). Substrate peaks are marked with asterisks (*). Nearly all
superlattice peaks are present for 26 < 55°, indicating atomically sharp
interfaces between the BaTiO; and SrTiO; layers and accurate super-
|attice periodicity.
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FIG. 13. XRD ¢ scan at x = 44.3° of the 1012 peak of the
[(BaTiOg,)g/(SITiOg) 4] 40 SUperlattice (sample no. 14) grown on a (001)
SITiO, substrate. x = 90° aligns the diffraction vector to be perpen-
dicular to the plane of the substrate. ¢ = 0° corresponds to when the
in-plane component of the diffraction vector is parallel to the [100]
in-plane direction of the substrate. This scan shows that the superlat-
ticeis epitaxial with the expected ([100] superlattice || [100] substrate)
in-plane alignment with the substrate.
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FIG. 14. (8) Rocking curves of the [(BaTiOg)4/(SITiOg), 5 SUper-
lattice 0014 pesk and the underlying SrTiO; substrate 002 peak (sample
no. 3). The FWHM is 21 arc s(0.0058°) for the superlattice peak as
compared to 20 arc s(0.0055°) for the substrate peak. The sharp rock-
ing curve indicates the high structura perfection of the superlattice.
(b) Rocking curves of the [(BaTiOg),/(SITiOy) 4] 40 Superlattice 0012 peak
and the underlying SrTiO; substrate 002 peak (sample no. 2). The
FWHM is 62 arc s(0.0172°) for the superlattice peak compared with
61 arc s(0.0169°) for the subgtrate pesk having a srongly mosaic feeture.

(SrTiOy),4]40 Structure, but is thinner (<500 A).® The
critical thickness for relaxation in the BaTiO4/SrTiO;
superlattices grown on (001) SrTiO; substrates depends
on the layer thicknesses of both BaTiO; and SITiOs.
For superlattices containing the same total thickness
of BaTiOg, those with thicker SITiO; layers separat-
ing the BaTiO; layers had higher critical thicknesses.
For example, [(BaTiO3)e/(SITiO3),]50 and [(BaTiOg)g/
(SrTiOg),] 5o superlattices (samples no. 18 and 19) grown
on (001) SrTiO; substrates having SrTiO; layer thick-
nesses as thin as one- and two-unit cells, respectively,
are partialy relaxed indicating that critical thickness in
these samples are significantly smaller than in the super-
lattices having thicker SITiO; layers, eg., [(BaTiOg)g/
(SrTiOZ)5] 5o superlattice (samples no. 21). Relaxation
aso occurred in the superlattices consisting of 10 and
more unit cells of BaTiO; in the layers. For example, a
[(BaTiOg),o/(SITiO3)s],o Superlattice (sample no. 23)
has an in-plane lattice parameter of a = 3.94 + 0.01 A
and is partially relaxed.

The mechanism of superlattice relaxation has been
studied by TEM and is found to be the introduction of
misfit dislocations, which form dislocation half loops
with threading dislocation segments that extend through
the entire film. Figure 15(a) is a cross-sectional HRTEM
image showing a threading dislocation in this partialy
relaxed [(BaTiO)s/(SITiO3) 4] 40 SUperlattice (sample no.
14) that extends through the film. These threading dis-
locations may also be seen in the Z-contrast TEM image
from a larger area of the same [(BaTiO3)g/(SITiO3) 440
superlattice, Fig. 15(b), where they show up asthe lighter
regions (see arrows). The [(BaTiOz)g/(SrTiO3),]40
superlattice (sample no. 14) has a large ® FWHM of
214 arc s (0.0595°) compared with the substrate o
FWHM of 118 arc s (0.0328°), consistent with the su-
perlattice having a high density of misfit dislocations.

@ (SELOYY/(BATiO)

1_ Threading dislocation

ISETiO} substrate

loim#

FIG. 15. (a) Cross-sectional HRTEM image of the partially relaxed [(BaTiO3)g/(SrTiOgz)4l40 Superlattice grown on a(001) SrTiO; substrate
(sample no. 14) showing threading dislocation. (b) Z-contrast TEM over a larger area of the same [(BaTiOy)g/(SITiO,),] 40 Superlattice (sample
no. 14). The threading dislocations are the light vertical defects, some of which are labeled with arrows.
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Unlike the partially relaxed [(BaTiOsz)g/(SrTiO3)4]40
superlattice, no threading dislocations were observed in
the commensurate [(BaTiOs),/(SITiO3),], superlattices
studied by HRTEM. Figure 16 shows two cross-sectional
HRTEM examples from commensurate [(BaTiOs),/
(SITiOg)ml, superlattices (samples no. 1 and 8). The
TEMs (both HRTEM and Z-contrast TEM) reveal super-
lattices with nearly atomically abrupt interfaces and no
observable dislocations.

The last three rows of Table | contain data from
[(BaTiOg)g/(SITiOz)]40 Superlattices grown on (101)
DyScO; (sample no. 24), (101) GdScO, (sample no. 25),
and (101) SmScO; (sample no. 26). All samples are
commensurate with the underlying substrates despite the
fact that the thickness and structure of these samples are
the same as the partially relaxed sample no. 14 grown on
SITiO,, i.e, al are [(BaTiOZ)g/(SrTiOgz) 4]0 SUpEr-
lattices. The measured in-plane lattice parameter of
sample no. 24 isa = 3.945 + 0.05 A compared with the
measured pseudocubic lattice parameter of the underly-
ing DyScO, substrate a, = 3.945 A (shown in Table |
in parentheses). This is due to BaTiO; undergoing a
smaller compressive strain, e = —1.7%, when grown on
(101) DyScO; than on (001) SITiO5. Thus, the critical
thicknesses of individual BaTiOg layers and of the whole
[(BaTiOg),/(STiOy),.l, superlattice are much larger.”
The SrTiO; layers of this superlattice are under biaxial
tension, € = 1%. Similarly, the [(BaTiOZ)g/(SrTiOg)4] 40
grown on (101) GdScO; (sample no. 25) is also found to
be commensurate. Here the BaTiO; layers are under an
even smaller compressive strain ~1%, while the SrTiO;
layers are under biaxia tensile strain of ~1.7%.%° The
[(BaTiOZ)g/(SITiO3) 4] 40 grown on (101) SmScO, (sam-
ple no. 26) can be considered to be opposite to the one
grown on (001) SrTiO4 since the in-plane lattice param-
eters of the SmScO; substrate and BaTiO; are nearly
same (i.e., amost no strain is applied to the BaTiO4
layers by the underlying substrate, while the SrTiO; lay-
ers are under a large biaxia tensile strain of ~2.2%). In
superlattices grown commensurately on SrTiO5 sub-
strates, the unstrained SrTiO; layers are polar because of
the presence of neighboring ferroelectric BaTiO, layers,®
while in superlattices grown on DyScO,, GdScO,, and
SMmScO, substrates the SITiO; layers are strained and
exhibit strain-induced ferroelectricity?®3° in addition to
the polarization induced by the BaTiOs.

Structural characterization of [(BaTiOz)g/(SrTiOg),] 40
superlattices grown on (101) DyScOs, (101) GdScO,,
and (101) SmScO; substrates reveals a significant im-
provement in the superlattice crystalline perfection com-
pared with the superlattices grown on (001) SrTiO; sub-
strates. The XRD scans of a [(BaTiOz)g/(SrTiO3)4]40
superlattice grown on a (101) DyScO; substrate (sample
no. 24) are shown in Fig. 17. Nearly all superlattice
peaks show up in the 6-626 XRD scan [Fig. 17(a)]. The
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FIG. 16. (a) Cross-sectional HRTEM image of the [(BaTiOg),/
(SrTiOg),3] 50 Superlattice (sample no. 8). It shows alternating layers of
1 unit cell of BaTiO5 and 13 unit cells of SrTiO;, confirming the
intended superlattice periodicity and the XRD result. (b) Z-contrast
HRTEM image of the [(BaTiO,),/(SrTiOy),]s, Superlattice (sample
no. 1). The interfaces are abrupt, and no misfit dislocations were seen.
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FIG. 17. XRD scans of the [(BaTiOz)g/(SrTiOz),]40 Superlattice
grown on (101) DyScO; substrate (sample no. 24) (a) shows a6-26 scan.
Substrate pesks are marked with asterisks (*). Nearly al superlattice
peaks are present for 26 < 55°, indicating atomicaly sharp interfaces
between BaTiO; and STiO; layers and accurate periodicity. (b) Thein-plane
orientation relationship between the [(BaTiO,)g/(S'TIO,) 4] 40 SUperlatice and
the (101) DyScO, substrate was determined by a ¢-scan a x = 45° of the
1012 superlattice peak. ¢ = 0° corresponds to when the in-plane component
of the diffraction vector is pardld is digned pardld to the [010] in-plane di-
rection of the DyScO, substrate. () Rocking curves of the same [(BaTiOy)g/
(STiOg) 4] 40 Superlattice and the underlying DyScO; substrate FWHM  of
9 arc s(0.0024°) for the superlattice 0024 peek and FWHM of 8 ac s
(0.0022°) for the 202 peak of the DyScO, substrate were measured.
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in-plane orientation relationship between the [(BaTiOs)/
(SrTiO,) 4] 40 superlattice and the (101) DyScO; substrate
was determined by a ¢-scan of the 1012 superlattice peak
[Fig. 17(b)]. In this scan, & = 0° corresponds to when
the in-plane component of the diffraction vector is
aligned paralel to the [010] in-plain direction of the
DyScO; substrate. It shows that the superlattice is epi-
taxial with the expected ([100] superlattice || [010] sub-
strate) in-plane alignment with the substrate. Rocking
curves of the [(BaTiOz)e/(SITiOz),]40 Superlattice and
the underlying DyScO; substrate are shown on Fig.
17(c). The FWHM in o of the superlattice 0024 peak and
of the 202 peak of the underlying DyScO; substrate were
found to be 9 arc s (0.0024°) and 8 arc s (0.0022°),
respectively.

Similar XRD scans of a [(BaTiO3)g/(SITiOs),] 40 SUpeEr-
lattice grown on a (101) GdScO; substrate (sample no.
25) are shown in Fig. 18. Again nearly all superlattice
peaks are seen in the 6—20 XRD scan [Fig. 18(a)]. Since
the compressive mismatch strain imposed by the GdScO,
substrate on BaTiO; is smaller, and the tensile strain
imposed on SITiO; is larger than in sample no. 24, the
out-of-plane lattice parameter d = 48.0 + 0.5 A is
smaller than d = 48.2 + 0.5 A for sample no. 24 and
even smaller than d = 48.8 + 0.2 A in sample no. 7 with
the largest mismatch strain. The in-plane orientation re-
lationship between the [(BaTiO3)g/(SITiO3),]40 SUpEr-
lattice (sample no. 25) and the (101) GdScO, substrate
was determined by a ¢-scan of the 1011 superlattice
peak [Fig. 18(b)]. This ¢-scan shows that the superlattice
is epitaxial with the same in-plane alignment with the
substrate as the superlattice grown on DyScO; ([100]
superlattice || [010] substrate). Rocking curves of the
[(BaTiOZ)s/(SITiO3) ] 40 Superlattice and the underlying
GdScO; substrate are shown in Fig. 18(c). The rocking
curve FWHM in o of the superlattice 0024 peak was
7 arc s (0.0020°), and that of the 202 peak of the under-
lying GdScO; substrate was 7 arc s (0.0019°).

Our results indicate that the structural perfection of the
[(BaTiO3),/(SITiOz)m], superlattices depend on the
structural perfection of the substrate they are grown on.
When the underlying substrates have very high structural
perfection, i.e., DyScO5;, GdScO; and SmScO,, the
commensurate [(BaTiOz)g/(SrTiO3),]40 Superlattices
have very high structural perfection. This indicates that
[(BaTiOz),/(SITiOz),,], superlattices, if grown on high-
quality DyScO;, GdScO,, and SmScO, substrates, can
have better structural perfection than any commercialy
available SITiO, substrate®™ =2 or films grown on such sub-
girates. The rocking curves of our [(BaTiOg)g/(SITiO3) 4l 40
superlattices grown on DyScO5;, GdScO5, and SmScO5
substrates are by far the narrowest ever reported for oxide
superlattices.

An important advantage of using DyScO;, GdScOs,
and SmScO; substrates is that these rare-earth scandate
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FIG. 18. XRD scans of the [(BaTiO3)g/(SITiO3),]4o Superlattice
grown on (101) GdScO, substrate (sample no. 25) (&) shows a 6-26
scan. Substrate peaks are marked with asterisks (*). Nearly all super-
lattice peaks are present for 20 < 55°, indicating atomically sharp
interfaces between BaTiO; and SrTiO, layers and accurate periodici-
ty. (b) The in-plane orientation relationship between the [(BaTiOg)g/
(SITiOg) 4l 40 superlattice and the (101) GdScO, substrate was deter-
mined by a ¢-scan at x = 42.09° of the 1011 superlattice peak.
¢ = 0° corresponds to when the in-plane component of the diffraction
vector is parallel to the [010] in-plain direction of the GdScO; sub-
strate. (c) Rocking curves of the [(BaTiOg)g/(SrTiOs3),] 40 Superlattice.
FWHM of 7 arc s (0.0020°) for the superlattice 0024 peak and FWHM
of 7 arc s(0.0019°) for the 202 peak of the GAScO; substrate were
measured.
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substrates have pseudocubic lattice constants lying be-
tween SrTiO; and BaTiO;. Commensurate [(BaTiOg),,/
(SITiOg)ml, superlattices of arbitrary thickness may be
grown by the same principles as strained layer super-
|lattices of conventional semiconductors.®* This enables
the growth of much thicker commensurate superlattice
structures free of high densities of dislocations. A par-
ticular application in need of thick high-quality
[(BaTiOy),/(S'TiO3),,], superlattices is novel phonon
devices including mirrors, filters, and cavities that are
part of aphonon “laser” architecture.* Moreover, the fact
that DyScO;, GdScO,;, and SmScO; have large band
gaps (>5.5 eV)** indicates that these substrates are
transparent in the UV range allowing forward-scattering
UV Raman measurements to be carried out. Such experi-
ments are difficult with SrTiO; substrates due to its low
bandgap (3.2 eV).*’

The T of al superlattices shown in the last column of
Table | was obtained from UV Raman measurements.®
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FIG. 19. Temperature dependence of the lattice constants of the
(a) commensurate [(BaTiOZ)g/(SrTiOg),]10 Superlattice (sample
no. 7), (b) partially relaxed [(BaTiOg)g/(SITiO3),4] 4o SUperlattice (sam-
ple no. 14), and SITiO; substrate, measured by XRD.
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For severa samples, the T. was also determined by
temperature-dependent XRD and compared with the UV
Raman results. Figure 19 shows the temperature-
dependent in-plane and out-of-plane parameters meas-
ured by XRD on commensurate sample no. 7 and par-
tially relaxed sample no. 14. Both of these samples have
similar [(BaTiOy)g/(SITiO,),], Structures, but differ in
their thicknesses: p = 10 and 40, respectively. The in-
plane lattice parameters of the underlying SrTiO; sub-
strates were measured as well and are shown in the plot
as open circles. The solid sguares and triangles are the
measured out-of plane d and in-plane a | attice parameters
of the corresponding superlattices. The plot in Fig. 19(a)
shows the temperature-dependent XRD of commensurate
sampleno. 7, a[(BaTiO3)s/(SITiO3) ] 10 SUperlattice. The
T = 400 °C of this sample was determined from the
change in dop of the out-of-plane superlattice parameter
d as a function of temperature?®2> and its position is
shown by the arrow. For the partially relaxed [(BaTiOg)g/
(SITiOg) 4] 40 Superlattice (sample no. 14) shown in the
Fig. 19(b) the in-plane lattice parameters of the superlat-
tice do not overlap with those of the underlying SrTiO4
substrate, indicating that the superlattice has partialy re-
laxed. The T of the partially relaxed sample cannot be
determined by the temperature-dependent XRD because
of the absence of a clear change in the slope of d(T). It
is possible, however, to determine the T of this partially
relaxed sample from UV Raman measurements.>

Figure 20 summarizes the T, of the [(BaTiOj),/
(SrTiO3)ml, superlattices measured by UV Raman and in
some cases by temperature-dependent XRD. Figure 20(a)
shows the dependence of T- on n and min [(BaTiO3),,/
(SITiOz)m], superlattices grown on (001) SrTiO; sub-
strates. The horizontal dashed-dotted line shows the T
of bulk (unstrained) BaTiO. The datain Fig. 20(a) show
that in nanoscale commensurate [(BaTiO5),,/(S'TiO3) ],
superlattices grown on (001) SrTiO; substrates the T
strongly depend on the superlattice structure and thick-
ness n of individual BaTiO; layers. The large variation of
Tc from ~170 K (sample no. 15) to ~640 K (sample
no. 7) is aresult of competing finite size effects in these
superlattices. It can be seen that T increases with n and
decreases with m.®> The curves in Fig. 20(a) are from
three-dimensional phase-field calculations that alow the
[(BaTiOs), /(SITiO3),], Superlattice to break up into
small domains (their lowest-energy configuration). These
calculations that use the physical properties of BaTiOg
and SrTiO; single crystals [i.e., are not fit to the experi-
mental data in Fig. 20(a)] are described in detail else-
Where.3’38'39

Figure 20(b) shows the dependence of T on the mis-
match strain e in the BaTiO; layers for superlattices with
the same [(BaTiOy)g/(SITiO;),], Structure grown on
(001) SITiO;, (101) DyScOg, (101) GdScO,, and (101)
SMmScO, substrates. This plot emphasizes the influence
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FIG. 20. Summary plot of the T, obtained from UV Raman measure-
ments. (&) Shows the dependence of T on n and min [(BaTiOg),/
(STiOg)m], superlattices grown on (001) SrTiO; substrates. Solid tri-
angles are for m = 4, solid squares are for m = 13, and the open
diamond symbol is for m = 30. Open circles are from temperature-
dependent XRD measurements. Lines are from three-dimensional
phase-field model calculations for m = 4 and m = 13 and the hori-
zontal dashed-dotted line shows the T of bulk (unstrained)
BaTiO,. (b) Dependence of T on the mismatch strain e on the BaTiO4
layers in the superlattices with the same [(BaTiO,)g/(SITiOy),], Struc-
ture grown on (001) SrTiOg, (101) DyScO;,, (101) GdScO,, and (101)
SmScO; substrates (sample nos. 7, 24, 25, 26).

of mismatch strain on T.. The highest T is observed in
the [(BaTiO3)g/(SITiOs),], superlattice subjected to the
largest compressive strain (~2.3%). As the strain de-
creases, the T decreases toward its value in unstrained
bulk BaTiO,. The horizontal dashed-dotted line in this
plot shows the T of bulk BaTiO; for comparison. Thus,
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DyScO,, GdScO;, and SmScO, substrates not only sig-
nificantly improve the crystalinity of the [(BaTiOs),/
(SrTiO3)m] , SUperlattices, but also can be used to tune the
T via strain. Detailed UV Raman measurements on
these [(BaTiOs),,/(SITiOs3)y,], superlattices in combina-
tion with first-principles calculations have shown that
the unstrained SrTiO; layers in commensurate BaTiOg/
SITiO; superlattices grown on SrTiO; substrates are
poled by the neighboring ferroelectric BaTiO5 layers,
while the strained SITiO; layers in BaTiO5/SITiO; super-
lattices grown on DyScO,;, GdScO,;, and SmScO; sub-
strates are not only polar, but aso exhibit strain-induced
ferroelectricity.>*°

IV. CONCLUSIONS

We have used shuttered RHEED intensity oscillations
to precisely grow aseries of [(BaTiOy),/(S'TiO5),],, Super-
lattices by reactive MBE on (001) SrTiOs, (101) DyScOs,
(101) GdScO;,, and (101) SmScO, substrates. Structural
characterization by XRD and HRTEM demonstrate the
synthesis of commensurate nanoscale superlattices with
excellent crystalline quality and atomically abrupt inter-
faces. The mosaic spread of superlattices depends not
only on the growth parameters and mismatch strain, but
also on the structural perfection of the underlying sub-
strate. By using new DyScO;, GdScO;, and SmScO4
substrates we have shown that the structural perfec-
tion of [(BaTiO,),/(SrTiOz)y,], superlattices can be
drastically improved. Ferroelectricity was observed in
BaTiO4/SITiO5 superlattices containing as few as one
BaTiO; layer in the repeated superlattice structural unit,
i.e., a BaTiO; layer just 4 A thick. The combination of
finite size and strain effects was seen to shift the T of
commensurate [(BaTiOs),/(SITiO3),,], superlattices
over a 500 K range.
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